On the other hand, the ubiquity of NaChs may belie postsynaptic currents (IPSCs). NaCh inhibition exsubtle differences in density and/or functional properplains the selective depression. Unlike other presynties of the channels that could produce variability in aptic depressants, partial NaCh blockade increases synaptic output between neurons and among different paired-pulse EPSC depression. This result is explained synapses of the same neuron. Indeed, dendritic NaCh by selective depression of low-p r synapses. We condensity is substantially higher in hippocampal interneuclude that local variations in the action potential con- Our results suggest that NaCh inhibition is responsible for the selective depression of glutamate release by antiglutamate drugs and suggest fundamental differences
). Similar effects were observed on NMDA receptormediated EPSCs examined in Mg 2ϩ -free extracellular saline (see below). In contrast, 20.0 M riluzole inhibited peak autaptic inhibitory postsynaptic currents (IPSCs) in the same cultures by only 24% Ϯ 7% (n ϭ 15 cells).
Riluzole slightly but reliably prolonged IPSCs ( Figure  1B) . The 10%-90% decay time of IPSCs increased from 121 Ϯ 15 ms to 156 Ϯ 16 ms in 20.0 M riluzole (p Ͻ 0.001, n ϭ 14 cells, paired t test). Although the prolongation of IPSCs by riluzole may contribute to the neuroprotective properties of riluzole, we did not further characterize this effect of riluzole in the present work. Rather, we explored the mechanism of EPSC inhibition by riluzole.
To explore whether riluzole blocks postsynaptic glutamate receptors, thus preferentially depressing EPSCs, we examined neuronal responses to exogenous kainate and NMDA to directly activate non-NMDA and NMDA receptors, respectively ( Figure 1D ). Riluzole had no effect on kainate responses (0.0% Ϯ 0.2% change, n ϭ 7 cells) or NMDA responses (1.5% Ϯ 1% riluzole-induced increase in responses to 20.0 M NMDA, n ϭ 4 neurons). Therefore, in hippocampal neurons, the preferential inhibition of EPSCs by riluzole cannot be explained by depression of postsynaptic receptor responsiveness. similar to that of 20.0 M riluzole, the concentration used in the experiments described in Figures 1A-1C We also evaluated the effects of three other NaCh channels, voltage-gated K ϩ channels, or resting K ϩ conblockers at moderate concentrations on glutamate and ductances (data not shown). In addition, the size of the GABA neurons (n ϭ 7 and 6 neurons, respectively). We reasoned that this result could be reconciled with the conclusion that riluzole's relevant targets are voltage-gated NaChs by hypothesizing that axonal NaChs are more sensitive to riluzole than are soma NaChs. Higher sensitivity of axon NaChs to riluzole could arise from previously described differences in the mechanisms of riluzole and TTX block. TTX is a voltage-independent blocker of sodium current (Taylor and Meldrum, 1995), whereas riluzole is voltage dependent and may act through binding tightly to inactivated NaChs (Hebert ] on GABA tions and 7.3 in riluzole. In addition to demonstrating and glutamate release. There was no difference in the the voltage dependence of riluzole block, these data sensitivity of the two cell types to reduced Ca 2ϩ influx suggest a similar sensitivity of GABAergic and gluta-( Figure 1H ). Therefore, differences between cells in the matergic NaChs to riluzole, at least at the soma. coupling of Ca 2ϩ influx to transmitter release do not Higher sensitivity of the axonal NaChs to riluzole underlie the preferential effect of partial NaCh block on within glutamatergic cells could arise if the resting poEPSCs. This experiment is also consistent with the idea tential of unclamped axon is depolarized relative to the that riluzole's preferential effects are through an alterclamp potential imposed at the cell body (Ϫ70 mV). This ation of the sodium action potential rather than through would increase the number of inactivated NaChs and a direct effect on Ca 2ϩ influx. would render axon channels more sensitive to riluzole If riluzole's preferential depression of EPSCs is exthan to TTX. While the axon membrane potential cannot plained by NaCh blockade, then riluzole should not afbe directly controlled, we provided a relative hyperpolarfect EPSCs evoked by action potential-independent ization to distal presynaptic elements with strong stimuli. In the same neurons in which riluzole severely hyperpolarizing prepulses applied to the soma before depressed the electrically evoked EPSC (Figure 2A) , we presynaptic stimulation ( Figures 4D and 4E) . The hyperused hyperkalemic solutions (104 mM KCl equimolar polarizing steps did not affect the baseline EPSC amplisubstitution for NaCl) in the presence of high concentratude. However, consistent with the idea that the paration of TTX (500 nM) to directly depolarize unclamped doxically strong synaptic riluzole effect may relate to axon terminals and evoke glutamate release ( Figure 2B) . larger fractional block of axonal sodium current, hyperRiluzole did not depress the peak hyperkalemia-induced polarization relieved a large fraction of riluzole-induced EPSC in the presence of TTX (114% Ϯ 6% of control, EPSC depression ( Figure 4D ). In contrast, EPSC inhibin ϭ 5 cells). In the same experimental protocol, another tion by TTX was unaffected by the prepulse ( Figure 4E ). presynaptic modulator, the GABA B agonist baclofen, deThese results confirm the voltage dependence of riluzole pressed peak hyperkalemia-induced release by 22% Ϯ and the voltage independence of TTX block of axon 4% (n ϭ 8; Figure 2C ). These results again exclude an NaChs. effect of riluzole on postsynaptic AMPA receptors and Similar results were obtained by removing extracelluare consistent with the idea that NaChs are the relevant lar potassium to hyperpolarize unclamped distal presynpresynaptic targets of riluzole. age-independent blocker TTX ( Figure 6C) . TTX block Surprisingly, we found that application of 20.0 nM increased from 22% Ϯ 5% to 31% Ϯ 4% after MK-TTX resulted in increased paired-pulse depression at a 801. This result indicates that partial blockade of NaChs paired-pulse interval of 100 ms (Figures 5A and 5B) . preferentially inhibits synaptic release from low-p r synRiluzole at concentrations of 2-10.0 M also elicited apses. very similar effects ( Figure 5B ). Note that increased These results suggest that partial NaCh block may paired-pulse depression elicited by riluzole cannot be produce unequal effects on the sodium action potential explained by riluzole's use dependence (Hebert et al., in different synapses and therefore preferentially inhibit 1994) because the voltage-independent blocker TTX release from some synapses. However, it is also possicaused a similar increase in paired-pulse depression (Figures 5A and 5B ] o from 3.0 mM to 1.8 mM, although similar in magnitude to that produced by dilute TTX or riluzole, did not significantly increase after MK-801 treatment ( Figure 6C) . Thus, differences in sodium action potentials at different synapses are likely responsible for the differential effects of partial NaCh block on release from different sites on the same presynaptic cell. Figure  7C ). In fact, the average effect of TTX was slightly inand width ( Figures 7D and 7E ) but did not alter the effect of TTX on action potential threshold ( Figures 7D and 7E) . creased in 1.1-0 saline from 22% Ϯ 5% to 31% Ϯ 7% (p Ͻ 0.05). This result is inconsistent with action potential Raising [Na ϩ ] o by itself increased peak action potential height by 6.3 Ϯ 0.3 mV but also decreased the action failure playing an important role in EPSC depression by dilute TTX, although it does not entirely exclude it.
Is the Effect on EPSCs by
potential width by 0.41 Ϯ 0.03 ms (p Ͻ 0.05, n ϭ 7 excitatory neurons). In contrast to action potential failure, if more subtle alterations of the action potential waveform are imporRaising Na ϩ by 40.0 mM increased peak control EPSCs by 39% Ϯ 8% (n ϭ 6). However, this increase was indistant in the synaptic effect of NaCh blockers, then a manipulation that reverses the effect of TTX on the actinguishable from the increase in exogenous kainateinduced currents produced by raising Na ϩ (36% Ϯ 4%, tion potential waveform should provide partial rescue from effects of TTX on EPSCs. By raising the driving n ϭ 7 neurons; Figures 7F and 7G) . Therefore, the increase in EPSC amplitude with the increase in Na ϩ is force on extracellular Na ϩ and therefore enhancing the current through unblocked NaChs, an elevated [Na ϩ ] o accounted for by the increased driving force on Na ϩ , 1996) . The issue of whether glutamate release is an important role for alteration of action potential waveform, but not for branch failure, in the synaptic effects directly affected by riluzole was ambiguous in these studies because of the possibility that other neuromoduof partial NaCh block. This conclusion is also consistent with recent studies suggesting a high safety factor for latory transmitter systems impinging on the glutamatergic cells might be the relevant targets of riluzole. Figure 7 , we found that glutamate released in the absence of sodium action potentials. Finally, the selective NaCh blocker TTX exincreasing Ca 2ϩ from 2.0 mM to 3.0 mM (Mg 2ϩ constant at 1.0 mM) potentiated EPSCs by 18% Ϯ 2% in the hibited all of the same essential effects on synaptic responses as riluzole. Thus, NaCh inhibition is clearly absence of TTX but potentiated EPSCs by 45% Ϯ 6% in the presence of TTX (n ϭ 12; data not shown). In sufficient to explain the differential effect of riluzole at low micromolar concentrations, and targets other than these experiments, TTX alone in 2.0 mM Ca 2ϩ depressed EPSCs by 59% Ϯ 6%. In summary, these results support NaChs need not be invoked to explain the anti-glutamate properties of riluzole. Because NaCh blockers are imthe idea that partial NaCh block results in alteration of the action potential waveform at the synapse rather than portant clinical anticonvulsants (Taylor and Meldrum, 1995), the selective anti-glutamate action of these drugs in failure of action potential invasion. These experiments are also consistent with the idea that TTX most effecmay be an important, underappreciated anticonvulsant mechanism. tively blocks low-p r synapses (Figures 5 and 6 ). Under conditions of high p r (raised extracellular calcium in There are several possible mechanisms that may underlie the differential effects of NaCh blockers on glutathese experiments), TTX was less effective in blocking glutamate release. mate versus GABA release. Because the voltage-independent NaCh blocker TTX has a differential effect on EPSCs similar to that of voltage-dependent blockers, it Discussion is unlikely that differences in the resting potential and steady-state inactivation status of excitatory versus inWe provide evidence that at subsaturating concentrahibitory axons explain the differential depression of tions, NaCh antagonists selectively depress glutamate EPSCs. Also, NaChs from inhibitory neurons, at least at over GABA release in hippocampal neurons. The selecthe cell body, are not less sensitive to pharmacological tive depression of excitatory neurotransmission by blockade than are channels from excitatory neurons NaCh inhibition implies that excitatory and inhibitory ( Figure 4C ). Rather, GABAergic hippocampal neurons cells differ fundamentally in the efficacy of excitation/ exhibit a fundamental difference from glutamatergic secretion coupling. Investigation of the mechanism by cells in the efficacy of depolarization/secretion coupling. which partial NaCh inhibition results in EPSC depression This may arise from differences in the passive memstrongly suggests that NaCh density or other factors brane properties or axonal branching patterns of ininfluencing the sodium action potential waveform influterneurons, differences in the functional density of ence p r at excitatory synapses. These conclusions have NaChs in interneuron axons, or differences in the funcimplications for both the basic physiology of CNS synapses and the mechanisms of clinically important drugs. tional coupling of sodium action potentials to calcium influx and transmitter release. While the precise contribution of these factors awaits Selective Inhibition of Excitatory Neurotransmission further study, a recent report suggested that NaCh denby Partial NaCh Blockade sity in the dendrites of hippocampal inhibitory interneuNaCh inhibition evokes dramatically different effects on rons is substantially higher than is the density in dendrites neurotransmission by excitatory and inhibitory hippoof cortical principal excitatory neurons (Martina et al., campal neurons. Riluzole was chosen as a prototype 2000). Further, somatodendritic action potential propavoltage-dependent NaCh blocker (Taylor and Meldrum, 1995) because of its reported anti-glutamate effects gation in the interneurons was fast and highly reliable, and exhibited little attenuation. In contrast, action pothan do excitatory neurons. However, other factors besides the sodium action potential surely participate in tential propagation in cortical principal cells is slow and unreliable, and attenuates (Stuart and Sakmann, 1994) . setting p r , and these factors could play a relatively stronger role in influencing p r at GABA synapses. This finding raises the strong possibility that the higher safety factor for NaCh blockade in inhibitory neurons
Our results indicate that partial NaCh block may produce an altered action potential waveform and thereby observed in our study might arise from differences in the density of axonal NaChs between inhibitory and exelicit less Ca 2ϩ influx. The effect of partial NaCh blockade could not be rescued by reducing action potential citatory neurons.
threshold, suggesting that action potential failure is unlikely to be a strong factor in the synaptic effects of Preferential Inhibition of Low-p r Excitatory dilute TTX. In contrast, increasing Ca 2ϩ influx and inSynapses by Partial NaCh Blockade creasing the sodium driving force to reverse the effects Although synaptic release probability is of fundamental of TTX on action potential waveform both significantly importance to understanding neuronal communication, reversed the synaptic depression induced by dilute TTX. the factors influencing p r are not well understood. SoThus, a primary mechanism of partial NaCh block is dium action potentials may appear to be unlikely particialteration of the action potential waveform. pants in setting release efficacy because of the percepIn summary, we have shown that partial NaCh blocktion that action potentials are all-or-none phenomena.
ade has dramatically different effects on the efficacy of However, regional differences in sodium action potentransmitter release from two major classes of hippocamtials or in susceptibility to action potential invasion could pal neurons and has differenct effects even at different influence synaptic effectiveness at different synaptic synapses of the same excitatory axon. A primary mechasites of the same axon. A particularly provocative finding nism by which glutamate release is depressed by partial in the current work is that partial NaCh blockade preferNaCh block is through alteration of the action potential entially depresses transmitter release from low-p r synwaveform. These results demonstrate a strong role for apses, evidenced by increased paired-pulse depression sodium action potentials in influencing p r and suggest in the presence of riluzole and TTX, and increased dean unappreciated role for NaChs in dictating the efficacy pression of NMDA EPSCs after MK-801-induced supof synaptic transmission. pression of high-p r synapses. Furthermore, in elevated extracellular Ca 2ϩ , which should increase average p r , partial NaCh blockade was significantly less effective in
